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Reconstruction of High Transverse Momentum Top Quarks at CMS
Gavril Giurgiu
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD, 21218, USA
High mass resonances decaying into tt¯ pairs appear in many extensions of the Standard Model.
The top quarks from these decays have high transverse momenta and their decay products are
highly collimated due to the boost into the lab frame. As a result the standard techniques for
reconstructing tt¯ events begin to fail. In this talk we discuss the prospects for detecting booted top
quarks at CMS. A new top jet tagging algorithm is presented. This algorithm achieves an efficiency
of 46% for boosted top jets and rejection of 98.5% for generic QCD jets with transverse momenta
of 600 GeV/c.
I. INTRODUCTION
Various theoretical extensions of the Standard
Model predict the existence of new heavy particles
which decay into tt¯ pairs with large branching frac-
tion. Such scenarios include excited neutral gauge
bosons Z′ with Standard-Model type couplings or
Randall-Sundrum KK gluons [1]. If these new parti-
cles are much heavier than the top quark and their
masses reach the TeV range, then the top quark
daughters are highly boosted. The jets associated
with the boosted top quark decays may be collimated
into a single jet. In such case, standard methods
for identifying top quarks may fail or be severely im-
paired. For instance, b-tagging techniques based on
identification of tracks or vertexes displaced with re-
spect to the primary interaction vertex would suffer
due to the dense track environment characteristic to
very high energy, collimated jets. Lower tagging effi-
ciency and higher mistag rates are expected [2]. Diffi-
culties in identifying leptons inside boosted jets would
diminish the performance of lepton based taggers.
It is therefore very important to develop reconstruc-
tion algorithms that distinguish boosted top jets from
jets produced in generic QCD events. We describe
an algorithm which attempts to identify boosted top
quark jets in which the W top daughter decays
hadronically. The fraction of such fully hadronic top
decays is 68%. The idea for tagging boosted top
quarks decaying hadronically is to identify jet sub-
structure in top quark jets and to use this substructure
to impose kinematic cuts that discriminate against
non-top jets.
II. BOOSTED TOP TAGGING AND
CAMBRIDGE-AACHEN JET CLUSTERING
ALGORITHM
If a top quark decays fully hadronically t → W+b
with W+ → qq¯′ and the jets from the top quark
daughters are collimated into a single top jet, one can
try to determine the top jet sub-structure by decom-
posing the top jet into sub-jets corresponding to the
top daughters b, q and q¯′. Once the top jet is decom-
posed one can attempt to discriminate top jets from
QCD jets using jet sub-structure information.
To construct boosted top jets, the Cambridge-
Aachen (CA) algorithm [3] is used. These final CA
jets are referred to as hard jets. The method devel-
oped in Reference [4] is implemented to discern the
jet sub-structure. This approach uses the CA jet al-
gorithm to reconstruct highly boosted top jets and
decompose them into sub-jets. This decomposition is
done by examining the cluster sequence of the final
jets in the CA algorithm to find intermediate sub-jets
from the algorithm, and attempting to identify the
jets from the top and W decays.
The CA algorithm is a kT-like algorithm. These
algorithms examine four-vector inputs pairwise and
construct jets hierarchically. To do so, they construct
the quantities [5]:
dij = min(k
n
T,i, k
n
T,j)
∆R2ij
R2
(1)
diB = k
n
T,i (2)
where kT,i is the transverse momentum of the i-th par-
ticle with respect to the beam axis, ∆Rij is the dis-
tance between particles i and j in (y, φ) space (where
y is rapidity, and φ is the azimuthal angle), and R is
a distance parameter taken of order unity. For the kT
algorithm, n = 2. For the anti-kT algorithm, n = −2.
For the CA algorithm, n = 0 and diB = 1. The quan-
tity diB is referred to as the beam distance. The al-
gorithm then finds the minimum dmin of all the dij
and diB. If dmin is a dij , the two particles are merged
(by default, via a four-vector summation). If it is a
diB, then the particle i is a final jet, and is removed
from the list. This process is repeated until there are
no particles left. In the case of a CA algorithm with
R = 0.8, the merging condition (dij < diB) reduces to
∆R < 0.8.
The final hard jets are required to have transverse
momentum above 250 GeV/c and rapidity within
the ±2.5 range. The sub-jets are selected if the
sub-jet transverse momentum is larger than 0.05 the
hard jet transverse momentum, PT (sub-jet)> 0.05 ×
PT (hard jet). The top tagging algorithm is applied if
at least three sub-jets are found.
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The variables that are used to discriminate top jets
from generic QCD jets are: the number of sub-jets
identified inside the hard jet, the hard jet mass (as
proxy to the top mass) and the minimum di-jet mass
pair among the three leading sub-jets (as proxy to W
mass).
Figure 1 shows the distribution of the number of
sub-jets in collimated top jets from a 2 TeV/c2 mass
Z ′ resonance compared to the corresponding distribu-
tion of generic QCD jets. The QCD jets are selected so
that their transverse momenta are in the same range
as the typical transverse momenta of the top quarks
from the Z ′ resonance. A requirement that the hard
jet contains at least three sub-jets is applied as it re-
jects a significant fraction of QCD background jets
and retains most of the top jet signal events.
FIG. 1: Number of sub-jets inside boosted top jets from
2 TeV Z′ decays Z′ → tt¯ (black, solid line) versus non-top
jets from generic QCD (red, dashed line). The samples
are chosen such that the reconstructed top and QCD jets
have approximately the same transverse momenta.
The use of the jet mass as discriminating variable
between top and QCD jets is justified because, in the
case of true top jets, the jet mass tends toward the
top mass, while for generic QCD non-top jets, the jet
mass does not reconstruct to the top mass but instead
approximately scales by the jet transverse momentum
over a constant of order 10. Figure 2 shows the dis-
tributions of the hard jet mass for top jets from a
2 TeV/c2 Z ′ resonance and the corresponding distri-
bution for QCD jets with transverse momenta similar
to the top jets. Hard jets with masses between 100
and 250 GeV/c are selected.
The minimum pairwise mass of the sub-jets often
reconstructs in the vicinity of the W mass. Figure 3
shows the true minimum mass pairing of the three
partons from the t → Wb → qq¯′b decay where the
top quarks come from the Z′ sample. It is most of-
ten the case that the minimum mass pairing of the
true partons results in the W mass, which means that
the b quark is most often the hardest parton in the
event. Despite the fact that the lowest mass pair-
FIG. 2: Jet mass distributions for boosted top jets from
2 TeV Z′ decaying as Z′ → tt¯ (black, solid line) and
generic QCD jets (red, dashed line).
ing of the sub-jets is not always the W mass after
hadronization and reconstruction, the minimum mass
pairing selection criterion is nonetheless exploited.
The minimum mass pairing provides good discrimi-
nation against non-top jets, where there is no on-shell
W and instead the minimum mass pairing of the sub-
jets reconstructs to a low-mass falling spectrum.
FIG. 3: Distribution of the minimum di-jet invariant mass.
The W mass is reconstructed in most cases.
Figure 4 shows the minimum pairwise mass of the
three reconstructed sub-jets with the highest trans-
verse momenta for top jets from Z ′ → tt¯ decays versus
non-top jets from generic QCD samples, respectively.
The minimum pairwise mass is required to be above
50 GeV/c2. This minimum di-jet mass requirement
is chosen to optimize S/
√
B where S is the number
of top jets and B is the number of background QCD
events.
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FIG. 4: Distributions of the minimum di-jet invariant
mass from boosted top quarks (black solid line) and from
QCD jets (red, dashed line). Among the sub-jets inside the
hard jet, the three with the highest transverse momenta
are selected. The invariant mass of each pair of two sub-
jets is calculated. Among the three sub-jet pairs, the one
with minimum di-jet mass is chosen as proxy to the W
mass. In the case of top jets, besides a low mass peak
at ≈ 10 GeV/c, a clear peak from W decays is also seen
below the W mass at ≈ 65 GeV/c. In the case of QCD
jets only the low mass peak at ≈ 10 GeV/c is observed.
III. BOOSTED TOP TAGGING
PERFORMANCE
A. Efficiency
To estimate the efficiency of the boosted top tag-
ging algorithm several simulated samples of Randall-
Sundrum gluons decaying to tt¯, with masses in the
range 750-3000 GeV/c2 were examined. The efficiency
defined as the number of matched top-jets that are
identified by the algorithm divided by the total num-
ber of matched top-jets is measured on these samples
as function of jet transverse momentum. The effi-
ciency as function of the top jet transverse momen-
tum is shown in Figure 5. The efficiency reaches a
plateau value of ≈ 45% for jet transverse momenta
above ≈ 700 GeV/c. Below 600-700 GeV/c the effi-
ciency is lower and drops to zero below 300 GeV/c.
This behavior is explained by the fact that this algo-
rithm requires the daughters of the boosted top quark
to be merged into a single jet. Merging is enhanced
as the top quark momentum increases. For low trans-
verse momenta the top quark daughters produce sep-
arate jets. As their transverse momenta increase from
≈ 300 GeV/c to ≈ 700 GeV/c the top jets become
more and more collimated, approaching full merging
above ≈ 700 GeV/c.
FIG. 5: Top tagging efficiency as function of the top jet
transverse momentum.
1. Theoretical Systematic Uncertainties
There are several theoretical systematic effects that
can affect the estimate of the top tagging efficiency by
changing the profile of the sub-jets:
• Initial and final state radiation
• Renormalization scale
• Fragmentation
The issue is that considering a reasonable variation
on these parameters is not yet understood. Variations
are taken relying on experience from lower energy col-
liders extended with theoretical arguments. A total
theoretical uncertainty of 3.8% is found. This esti-
mate should be taken only as indicative of the theo-
retical uncertainty, while a more careful study must
be determined in the future to ascertain a more accu-
rate estimate, when there is sufficient data to estimate
these effects.
2. Detector-based Systematic Uncertainty
In order to account for the detector-based system-
atic uncertainties, the resolution of the sub-jets within
the hard jets was derived from simulation of Z ′ → tt¯
events with masses of 1000 and 3000 GeV/c2. The
partons from the t→ Wb→ bqq¯′ decay (i.e. the b, q,
and q¯′) were matched to the closest reconstructed sub-
jet. The response of the simulated calorimeter was
then parameterized with sub-jet transverse momen-
tum. This was done for the resolution of the trans-
verse momentum, rapidity, and azimuthal angle.
It was observed that the resolutions could be esti-
mated as
σ
pT
=
74%√
pT − 24 ⊕ 15%, (3)
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σ(y) =
41%√
pT − 25
⊕ 1.3% ⊕ 6.5× 10−5pT , (4)
σ(φ) =
44%√
pT − 25 ⊕ 0.0% ⊕ 5.6× 10
−5pT . (5)
The resolutions were hypothesized to be 10% and
50% worse than the simulation for the momentum and
angular resolution, respectively. An additional 5.3%
systematic uncertainty due to assumed worse resolu-
tion was assigned to the efficiency.
3. Total Systematic Uncertainty
Figure 5 shows the efficiency with simulation sta-
tistical uncertainties, as well as the total 6.5% sys-
tematic uncertainty from combining the theoretical
(3.8%) and detector-based (5.3%) systematic uncer-
tainties. Table I summarizes the systematic uncer-
tainties.
TABLE I: Effects of variation of several systematic uncer-
tainties on the estimated efficiency from simulation.
Effect Systematic Uncertainty (%)
Initial State Radiation 1
Final State Radiation 2
Renormalization Scale 3
Light Quark Fragmentation < 1
Heavy Quark Fragmentation < 1
Theoretical Uncertainty 3.8
Momentum Smearing + 10% 3.3
Azimuthal Smearing + 50% 2.9
Rapidity Smearing + 50% 2.9
Detector-Based Uncertainty 5.3
Total Systematic Uncertainty 6.5
4. Efficiency Cross Checks
The shape of the efficiency curve has been studied,
and the primary factor has been determined to be
the R-parameter in the CA algorithm. As the width
of the jet is increased, the lower transverse momen-
tum top jets have more products merged. However,
at some point at higher transverse momentum values,
the only quantities that are subsumed by a larger dis-
tance parameter are radiative jets, which manifests
in a decreasing efficiency because the minimum mass
combination of the sub-jets tends to bias away from
the W mass when there is radiation present.
Figure 6 shows the efficiency turn-on for a distance
parameter of 1.5 (up from the default 0.8). The faster
turn-on at the low transverse momentum end is read-
ily apparent, as is the faster turn-off at the high trans-
verse momentum end.
FIG. 6: The efficiency turn-on for a distance parameter
R = 1.5 (up from the default 0.8). The faster turn-on at
the low transverse momentum end is readily apparent, as
is the faster turnoff at the high transverse momentum end.
B. Fake Tag Rate
Non-top decays may pass the selection defined in
the previous section and thus fake a boosted top tag.
In order to derive a parameterization of the fake tag
rate, a data-driven method is proposed that makes
use of a high statistics sample, and uses an “anti-tag
and probe” method. This method is expected to pro-
vide over a thousand fake tags for a data sample of
100 pb−1, allowing for a robust data driven determi-
nation of the fake background.
The following selection is made to select fake tags:
• Two jets are required to have pT > 250 GeV/c,
and |y| < 2.5.
• Events are required to have one jet “anti-
tagged”. To “anti-tag”, jets are selected that
have two sub-jets or less, or to have more than
two sub-jets, with jet mass and jet minimum
mass outside the signal window.
• The other jets in the sample are referred to as
the “probe” jets. The contamination from con-
tinuum tt¯ production is subtracted based on an
estimate from simulation, and the amount of
that subtraction is taken as a systematic uncer-
tainty. This “probe jet” selection constitutes an
almost entirely signal-depleted sample.
• The tag rates are then parameterized with re-
spect to the jet pT using these “probe jets”. The
prediction from the simulation is taken as the
central value and scaled to 100 pb−1, assuming
Poisson statistics and taking a binomial uncer-
tainty.
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Figure 7 shows the fake tag parameterization as
function of transverse momentum for a 100 pb−1 data
sample. These plots should be taken as a proxy for
the real data. The results are fully data-driven in the
real analysis with data, with the sole exception of the
correction for the tt¯ contamination. Even for a sample
as low as 100 pb−1, it is possible to reliably estimate
the fake tag rate directly from the data, with an ap-
proximately 33% statistical uncertainty for jets with
pT = 800 GeV/c.
FIG. 7: The fake tag parameterization as function of
transverse momentum for a 100 pb−1 data sample.
IV. CONCLUSIONS
The algorithm described in Ref. [4] has been imple-
mented in CMS and has achieved similar rejection of
non-top backgrounds as described in that paper.
The algorithm deals exclusively with hadronic de-
cays of the W boson in the cascade decays of top
quarks, and has made this channel accessible experi-
mentally, due to its high rejection (≈ 98% of jets with
pT = 600 GeV/c) of non-top-quark boosted jets while
retaining a high fraction of top-quark boosted jets (≈
46% of jets with pT > 600 GeV/c). This performance
is comparable to that for bottom-quark jet-tagging al-
gorithms at hadron colliders.
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